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SUMMARY 

A s tudy  was conducted t o  determine the  e f f e c t i v e n e s s  of  seven l and ing  
approach methods u s i n g  c u r r e n t  s e p a r a t i o n  i n t e r v a l s ,  and i n  combination w i t h  
reduced s e p a r a t i o n  i n t e r v a l s .  It was determined t h a t  o f  t h e  seven methods s tud-  
i e d ,  on ly  the  dua l -pa th  and dual-path-curved methods provided s i g n i f i c a n t  ben- 
e f i t s  over  the  c u r r e n t  method when t h e  c u r r e n t  s e p a r a t i o n  i n t e r v a l s  were used. 
With a l l  the  methods, i t  was found t h a t  t h e  l and ing  o p e r a t i o n s  decreased as 
the  p ropor t ion  o f  heavy a i rnraf t  i n  t h e  l and ing  mix inc reased .  

Reducing the  c u r r e n t  s e p a r a t i o n  i n t e r v a l s  t o  5.56 km ( 3  n. m i . )  f o r  large 
aircraf t  fo l lowing  heavy a i r c r a f t  was no t  p a r t i c u l a r l y  advantageous f o r  any 
method i n  t h e  range  of  t y p i c a l  l a n d i n g  mixes. Reducing t h e  c u r r e n t  i n t e r v a l s  
t o  3.70 km (2  n. m i . ) ,  however, i nc reased  t h e  l and ing  c a p a c i t y  by 65 pe rcen t  
f o r  the  c u r r e n t  method i n  t h e  range of  t y p i c a l  mixes of  a i rcraf t .  With e i the r  
of  t h e  reduced i n t e r v a l s ,  there was a l s o  a b e n e f i c i a l  t r e n d  toward i n c r e a s i n g  
l a n d i n g  c a p a c i t i e s  w i t h  i n c r e a s i n g  p ropor t ions  of  heavy a i rcraf t .  

When t h e  large g a i n s  r e s u l t i n g  from a reduc t ion  i n  t h e  s e p a r a t i o n  i n t e r v a l  
t o  3.70 km ( 2  n. m i . )  were combined w i t h  t h e  g a i n s  from t h e  v o r t e x  avoidance 
geometry provided by the  dual-path and dual-path-curved methods, t he  l and ing  
c a p a c i t y  a t  a t y p i c a l  c u r r e n t  l and ing  mix was approximately double t h a t  f o r  
t h e  c u r r e n t  method. T h i s  g a i n  inc reased  as the  p ropor t ion  o f  heavy a i r c ra f t  
i n  t h e  mix i n c r e a s e d .  

The r e s u l t s  also showed t h a t  f o r  every  method s t u d i e d ,  t h e  passenger  d e l i v -  
e r y  c a p a c i t y  w a s  i nc reased  by an i n c r e a s e  i n  t h e  p ropor t ion  o f  heavy ( h i g h  pas- 
senger  c a p a c i t y )  a i rcraf t  i n  t he  mix. These r e s u l t s  i n d i c a t e  t h a t  an  inc reased  
demand f o r  a i r  t r a v e l  w i l l  probably r e q u i r e  n o t  on ly  advanced approach methods 
and large r e d u c t i o n s  i n  s e p a r a t i o n  i n t e r v a l s ,  bu t  an  i n c r e a s e  i n  t h e  p ropor t ion  
of  h igh  passenger c a p a c i t y  a i rcraf t  as w e l l .  

INTRODUCTION 

P r o j e c t e d  passenger  enplanements f o r  t h e  remainder o f  t h e  cen tu ry  w i l l  
r e q u i r e  inc reased  c a p a c i t y  i n  the  a i r  t r a n s p o r t a t i o n  system. Many a i r p o r t s  are 
c u r r e n t l y  s a t u r a t e d  f o r  l ong  p e r i o d s  o f  the  day, and more a i r p o r t  s a t u r a t i o n  is  
expected as  the  demand f o r  a i r  t r a n s p o r t a t i o n  grows. 

I 

Two promising t echn iques  f o r  meeting t h i s  a n t i c i p a t e d  demand are the  develop- 
ment o f  advanced l a n d i n g  approach methods and t h e  r e d u c t i o n  o f  t h e  s e p a r a t i o n  
i n t e r v a l s  c u r r e n t l y  r e q u i r e d  between approaching aircraft .  Data i n  r e f e r e n c e s  1 
and 2 i n d i c a t e  tha t  the  microwave l and ing  system (MLS) has t h e  p o t e n t i a l  t o  
a l low l a n d i n g  approaches u s i n g  m u l t i p l e  p a t h  and curved methods. 
s e p a r a t i o n  i n t e r v a l s  may a l s o  become feasible (refs. 3 t o  5)  as advanced a i r  

Reductions i n  
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traffic control systems and wake turbulence avoidance and attenuation research 
continues. 

This report presents the results of a study of the potential gains in land- 
ing capacity offered by seven different approach methods. The results of the 
various methods are presented first for the current separation intervals, and 
then for these methods in combination with reduced intervals. Some discussion 
of the effects of aircraft size on the passenger delivery capacity is also 
included. The study is limited to current commercial jet transport aircraft 
landing on a single runway. 

SYMBOLS AND ABBREVIATIONS 

Values are given in SI and U.S. Customary Units. Measurements were taken 
in U.S. Customary Units. 
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DOT 
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ILS 
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IFR 
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MLS 

NASA 
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Pi j 
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ti j 
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X '  

2 

acceleration, m/sec2 (ft/sec2) 

Department of Transportation 

vertical separation distance, m ( ft 1 

instrument landing system 

designates leading aircraft in a pair 

Instrument Flight Rules 

designates following aircraft in a pair 

microwave landing system 

National Aeronautics and Space Administration 

proportions of aircraft of a certain type in a mix of aircraft 

probability of pair combination i-j 

time, sec 

mean interarrival time, sec 

interarrival time between aircraft i and j at runway, sec 

velocity, knots 

longitudinal distance between projected touchdown point and a point 
on extended runway center line, km (n. mi.) or  m (ft) 

longitudinal distance between two projected touchdown points, m (ft) 



Y l e n g t h  of approach pa th  between p r o j e c t e d  touchdown p o i n t  and I L S  
gate, km (n .  m i . )  

A 

6 i  j wake tu rbu lence  s e p a r a t i o n  i n t e r v a l  between aircraft  i and j ,  

h o r i z o n t a l  s e p a r a t i o n  i n t e r v a l ,  km (n .  m i . )  

km (n .  m i . )  

0 

x l a n d i n g  c a p a c i t y ,  o p e r a t i o n d h r  

ang le  of approach p a t h ,  deg 

IJ passenger d e l i v e r y  c a p a c i t y ,  passengers /hr  

5 passenger c a p a c i t y  of an a i rcraf t  a t  a passenger load  f a c t o r  of 
65 pe rcen t  

S u b s c r i p t s :  

A type. A a i rc raf t  

B type  B aircraft  

C t ype  C a i r c ra f t  

F f i n a l  

I i n i t i a l  

i l e a d i n g  a i rcraf t  i n  a p a i r  

j fo l lowing  a i r c r a f t  i n  a p a i r  

L lower approach pa th  

min minimum va lue  

U upper approach pa th  

ANALYSIS METHOD 

As used i n  t h i s  r e p o r t ,  t h e  l and ing  c a p a c i t y  is de f ined  as t h e  number 
o f  l a n d i n g  o p e r a t i o n s  t h a t  a s i n g l e  runway can accommodate d u r i n g  an  hour when 
t h e r e  is a cont inuous  demand t o  land  and each a v a i l a b l e  l and ing  oppor tun i ty  i s  
f i l l e d .  
t h a t  no l and ing  was cons t r a ined  by t h e  presence  of t h e  preceding  a i rcraf t  on 
t h e  runway. Although t h e s e  assumptions are no t  s u i t a b l e  f o r  re l iable  p r e d i c t i v e  
modeling, the  method chosen for t h e  a n a l y s i s  provided a conven ien t ,  common basis 

It was a l s o  assumed t h a t  each a r r i v a l  a t  t h e  ILS gate was on t i m e ,  and 
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f o r  comparing and e v a l u a t i n g  t h e  v a r i o u s  methods. References  6 t o  9 con ta in  
d i s c u s s i o n s  of  p r e d i c t i v e  methods more s u i t a b l e  f o r  a n a l y s i s  of t h e  broader  
a s p e c t s  o f  a i r  t ra f f ic  c o n t r o l .  

T h i s  s tudy  cons idered  l and ing  o p e r a t i o n s  of  commercial t r a n s p o r t  a i r c r a f t  
and no g e n e r a l  a v i a t i o n  aircraft  were inc luded .  Three t y p e s  of  commercial t r a n s -  
p o r t s  were cons idered  i n  t h i s  s tudy .  Type A and B a i rcraf t  were t h o s e  c l a s s i f i e d  
by a i r  t raff ic  c o n t r o l  as lllargell ( ref .  10) and had take-of f  weights  between 
5670 and 136 078 kg (12 500 and 300 000 lbm) .  The type  C aircraft  were those  
classified i n  r e f e r e n c e  10 as llheavyll and had take-of f  weights greater than  
136 078 kg (300 000 lbm).  The d i f f e r e n c e  between t h e  t y p e  A and B aircraft  i n  
t h i s  s tudy  was i n  t h e  approach v e l o c i t y  VA = 130 kno t s  and VB = 135 kno t s .  
For a l l  t ype  C a i rcraf t ,  V c  = 140 kno t s .  

Passenger c a p a c i t y  v a l u e s  5 e s t ima ted  by u s i n g  a passenger load  f a c t o r  
of 65 pe rcen t  were <A = 85, 5~ = 130, and Sc = 293 Passengers .  

The l and ing  c a p a c i t y  a n a l y s e s  f o r  t he  c u r r e n t  I L S  method, the  uniform speed 
method, and t h e  reduced common pa th  method were a l l  performed by u s i n g  t h e  pro- 
cedure o f  r e f e r e n c e  6. The approach geometry f o r  the  a n a l y s i s  is shown i n  f ig- 
u r e  l ( a ) .  The i n t e r a r r i v a l  times f o r  each aircraft  p a i r  were determined from 
t h e  equa t ions  

t i j  = 6 i j  
vj 

where y is t h e  l e n g t h  of  t h e  approach pa th .  Note i n  f i g u r e  l ( a )  t h a t  when 
V i  6 V t h e  d i s t a n c e  6 i j  occurred a t  the  runway ( s o l i d  a i rcraf t  symbols) and 
when dl > V j ,  the  d i s t a n c e  6 i j  occurred a t  t h e  I L S  g a t e  (open a i r c r a f t  
symbols). 

If it is  assumed t h a t  t he  l and ing  sequence was random, t h e  p r o b a b i l i t i e s  
of each p a i r  sequence i - j  were g iven  by 

p i j  = P i P j  ( 3 )  

where P i  and P j  were the  p ropor t ions  o f  t h e  t y p e s  of  i and j aircraft  i n  
‘the mix. 

Tab le  I p r e s e n t s  t h e  v a l u e s  of PA,  PB, and P c  cor responding  t o  t h e  s i x  
mixes o f  a i rcraf t  used i n  t h i s  s tudy .  These mixes were de r ived  from data i n  
r o u t i n e  l and ing  o p e r a t i o n  l o g s  f o r  t h e  Kennedy I n t e r n a t i o n a l  A i r p o r t  i n  1974 
and 1975 ( re f .  1 1 ,  appendix B ) .  It has  been e s t a b l i s h e d ,  however, t h a t  reason- 
a b l e  changes i n  the  p ropor t ions  PA and PB d i d  n o t  s i g n i f i c a n t l y  affect  t h e  
c a l c u l a t e d  l and ing  c a p a c i t y  v a l u e s  p re sen ted  h e r e i n .  (When t h e  mixes were 
b iased  by s imul t aneous ly  reducing  each va lue  o f  PA by 0.1 and i n c r e a s i n g  
PB by the  same amount, t h e  maximum change i n  t h e  l and ing  c a p a c i t y  was about  
1 .4  p e r c e n t . )  

4 
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After t i j  and p i j  were determined f o r  a l l  p o s s i b l e  p a i r s ,  t h e  mean 
i n t e r a r r i v a l  time E a t  t h e  t h r e s h o l d  was computed as 

- 
t X ( t .  .p. .) 1 J  1 J  ( 4 )  

(where t h e  sum is over  a l l  p o s s i b l e  p a i r s ) ,  and t h e  l and ing  c a p a c i t y  i n  
o p e r a t i o n s / h r  X w a s  determined by t h e  equa t ion  

X = 1 3 6 0 0  E ( 5 )  

This  method is s u i t a b l e  f o r  a l l  cases where t h e  
were una f fec t ed  by a i rcraf t  preceding  t h e  p a i r s .  

t i j  v a l u e s  between a l l  p a i r s  

The geometry of t h e  curved-path method shown i n  f igure  l ( b 1  i n d i c a t e s  t h a t  
f o r  a curved approach i n  t h e  plane def ined  by 8 ,  t h e r e  is no spec i f ic  v a l u e  f o r  
t h e  common f l i g h t  pa th  l e n g t h  y as i n  s i n g l e  pa th  approaches from t h e  ILS gate. 
(See f ig .  l ( a ) . )  
s e n t s  a gene ra l  method of  a n a l y s i s  f o r  t h i s  approach concept .  
p r e s e n t  a n a l y s i s  o f  curved p a t h s ,  it was assumed t h a t  when every  l e a d i n g  air-  
craf t  i had reached t h e  runway, every fo l lowing  a i rcraf t  j was a d i s t a n c e  

b i j  p a i r s  were e l imina ted  and t h e  va lue  of  
from equat ion  ( 1 )  f o r  a l l  p a i r s .  

This  s u b j e c t  is d i scussed  i n  d e t a i l  i n  r e f e r e n c e  6 which pre- 
However, i n  t h e  

behind it  on t h e  common f l i g h t  pa th .  With t h i s  assumption, t h e  fas t - s low 
f o r  curved p a t h s  was determined t i j  

The delayed f l a p  method u s i n g  a s i n g l e  approach pa th  ( f i g .  l ( a ) )  w a s  ana- 
lyzed  wi th  t h e  s ing le -pa th  method modified t o  handle  v a r i a b l e  approach v e l o c i -  
t ies.  Th i s  procedure involved  t h e  de t e rmina t ion  of  t i j  by a d i f f e r e n t  tech- 
n ique  descr ibed  i n  t h e  appendix.  A similar method f o r  v a r i a b l e  v e l o c i t y  
a n a l y s i s  is desc r ibed  i n  r e f e r e n c e  12. 

The geometric c h a r a c t e r i s t i c s  of  t h e  dua l -pa th  method us ing  a s i n g l e  runway 
are shown i n  f i g u r e s  l ( c >  t o  l ( e > .  This  concept u t i l i z e d  two approach p a t h s  i n  
t h e  same v e r t i c a l  plane (de f ined  by B L  and y~ and by 0u and yu) wi th  t h e  
p r o j e c t e d  touchdown p o i n t s  l o n g i t u d i n a l l y  o f f s e t  by a d i s t a n c e  x ' .  Th i s  geom- 
e t r y  made it p o s s i b l e  f o r  t h e  a i r c ra f t  on t h e  upper pa th  t o  avoid  t h e  v o r t i c e s  
of  t h e  a i r c ra f t  on t h e  lower pa th  both du r ing  approach and a t  t h e  runway s u r f a c e .  

The c u r r e n t  s e p a r a t i o n  i n t e r v a l s  (see t a b l e  11) were a p p l i e d  when a i rc raf t  
i was on t h e  upper pa th  and a i rc raf t  
ure  l ( c ) .  The i n t e r a r r i v a l  times were determined by 

j was on t h e  lower pa th  as shown i n  f ig -  

- b i j  - X '  t i j  - v j  COS eL 

and by 

5 

I 



However, when i was on t h e  lower pa th  and j was on the  upper path,  t h e  h o r i -  
z o n t a l  s e p a r a t i o n  i n t e r v a l s  were rep laced  w i t h  v e r t i c a l  s e p a r a t i o n  i n t e r v a l s  as 
shown i n  f i g u r e s  l ( d )  and l ( e ) .  

F igu re  l ( d )  shows the geometr ic  characteristics f o r  i on the lower p a t h  
and V i  s i n  8 L  5 V s i n  8u. The minimum v e r t i c a l  s e p a r a t i o n  hmin occur s  a t  
t h e  touchdown o f  aircraft i and produces a h o r i z o n t a l  s e p a r a t i o n  o f  3 

- hmin - 
t a n  8u Gi j ,min  - 

The cor responding  i n t e r a r r i v a l  time is given  by 

t i j  = hmin 
V j  s i n  B U  

( 9 )  

I n  t h i s  a n a l y s i s  always had a v a l u e  o f  304.8 m (1000 f t )  s i n c e  lower 
v a l u e s  made runway occupancy t i m e  cr i t ical  a t  
assumed t o  provide  adequate  v e r t i c a l  s e p a r a t i o n  d u r i n g  a l l  approaches u s i n g  
t h e  dua l -pa th  method. 

hmin 
8u = 60.  T h i s  v a l u e  was a l s o  

F igu re  l ( e )  shows the  geometry when i is on the  lower p a t h ,  j on the  
upper p a t h ,  and V i  s i n  8 L  > V .  s i n  8u. For these c o n d i t i o n s  hmin occurred  
a t  t h e  I L S  gate. When aircrafg i is a t  the  touchdown p o i n t ,  the  aircraft  are 
v e r t i c a l l y  sepa ra t ed  by a d i s t a n c e  h where 

and h o r i z o n t a l l y  s e p a r a t e d  by a d i s t a n c e  A where 

The r e s u l t i n g  i n t e r a r r i v a l  t ime. i s  determined from the equa t ion  

Table I11 shows a t y p i c a l  a n a l y s i s  t o  i l l u s t r a t e  t h i s  concept where 
eL = 30, 
p r o p o r t i o n s  i n  t he  mix were PA = 0.2,  PB = 0 .2 ,  and P c  = 0.6. Note t h a t  i n  
t h i s  case when i is  on t h e  lower pa th  and j is  on the  upper pa th  t h e  condi- 
t i o n  is always sat isf ied.  

eu = 4.50, X I  = 243.8 m (800 f t ) ,  and y~ = 14.82 km (8  n. m i . ) .  The 

V i  s i n  0~ > V j  s i n  8u 

The p o s s i b l e  pairs  are l i s t e d  i n  column 0 o f  table  111. These data show 
t h a t  l a n d i n g s  always a l t e r n a t e d  between the  two p a t h s  (no consecu t ive  l and ings  
from t h e  same p a t h )  and t h a t  a l l  a i rcraf t  types  ?:ere free t o  u s e  e i ther  path.  
The 
i n t e r v a ? s  from table I1 were a p p l i e d  whenever a i rcraf t  
and aircraft  j was on t h e  lower pa th .  When the  p a i r  sequence was reve r sed ,  
G i ~ , ~ i ~ ,  determined from equa t ion  (81, was used as shown i n  column 0. 
6 

6, - va lues  i n  column @ show t h a t  t he  c u r r e n t  ( h o r i z o n t a l )  s e p a r a t i o n  
i was on t h e  upper p a t h  

The rest 



of the  a n a l y s i s  was s t r a i g h t f o r w a r d  - equa t ions  (61, (91, and (12)  be ing  used 
t o  s o l v e  f o r  
t o  s o l v e  f o r  t and A, r e s p e c t i v e l y .  S ince  t h i s  method involved  two approach 
p a t h s ,  t he  v a l u e s  of p i j  
t i o n  ( 3 )  div ided  by two. 

4 i j ;  equa t ion  ( 3 ) ,  t o  s o l v e  f o r  p l j ;  and e q u a t i o n s  ( 4 )  and (51, 

i n  column @ were t h e  v a l u e s  determined from equa- 

A s  the  a n a l y s i s  of t he  dual-path method p rogres sed ,  i t  was found t h a t  if 
8u = 60, t h e  c o n d i t i o n  of the a n a l y s i s  which r e q u i r e d  t h a t  each aircraf t  p a i r  
be independent of t h e  aircraft  preceding  the p a i r  could  n o t  i n  some cases be 
maintained wi th  the c u r r e n t  s e p a r a t i o n  i n t e r v a l s .  This  l o s s  o f  independence 
e x i s t e d  whenever a CU-AL or CU-BL p a i r  occurred and the  r e q u i r e d  v a l u e  o f  
6 i j  Therefore  i n  
t h e  a n a l y s i s  o f  the  dua l -pa th  method where 
CU-AL and 
(5  n. m i . ) .  
u s i n g  
f o r  these two pairs  when 
method when reduced l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s  were s t u d i e d .  

( tables I1 and 111) was greater than  8.14 km (4.4 n.  m i . ) .  
8u = 60, t he  va lue  of  6 i j  f o r  t he  

CU-BL pairs w a s  t aken  as 8.14 km (4 .4  n. m i . )  rather than  9.25 km 
It has been determined t h a t  t he  effect on the  l a n d i n g  c a p a c i t y  of  

6 i . ~  = 8.14 km (4.4 n. m i . )  rather than 9.25 km ( 5  n. m i . )  was n e g l i g i b l e  
Bu = 60. This  ad jus tment  was n o t  r e q u i r e d  f o r  t h i s  

I n  the  dual-path-curved method, each aircraft  j was always a d i s t a n c e  
6 i j  or 6 i j , m i n  behind a i rcraf t  i when a i rcraf t  i was a t  t h e  touchdown 
p o i n t .  Therefore ,  when i landed from the  upper p a t h ,  t i j  was always deter- 
mined from equat ion  ( 6 )  and when i landed from t h e  lower p a t h ,  t i j  was 
always c a l c u l a t e d  from equa t ion  ( 9 ) .  When s t anda rd  s e p a r a t i o n  i n t e r v a l s  were 
being s t u d i e d  and 8u = 6 0 ,  t h e  va lue  o f  6 i j  between t h e  CU-AL and CU-BL 
p a i r s  was taken  as  8 .14  km (4.4 n. m i . )  rather than  9.25 km (5  n. m i . )  as 
described f o r  the  dual-path a n a l y s i s .  

After v a l u e s  of  X were determined, i t  w a s  p o s s i b l e  t o  c a l c u l a t e  the cor -  
responding  va lues  o f  t h e  passenger d e l i v e r y  c a p a c i t y  p f o r  a l l  seven methods 

: by the  equa t ion  

It can be noted from equa t ion  (13)  t h a t  p is d i r e c t l y  p r o p o r t i o n a l  t o  X f o r  
a g iven  mix o f  a i rcraf t .  

RESULTS AND D I S C U S S I O N  

The r e s u l t s  o f  t h e  a n a l y s i s  o f  seven approach methods are d i scussed  i n  
t h i s  s e c t i o n  o f  the paper.  The methods are 

( 1  Curren t  ILS method 

(2)  Uniform speed method 

( 3 )  Reduced common pa th  l e n g t h  method 

(4) Curved-path method 

( 5 )  Delayed f l a p  method 
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( 6 )  Dual-path method 

(7)  Dual-path-curved method 

The r e s u l t s  are p resen ted  first f o r  t he  c u r r e n t  s e p a r a t i o n  i n t e r v a l s  and 
then  for reduced s e p a r a t i o n  i n t e r v a l s .  The f i n a l  p a r t  o f  t h i s  s e c t i o n  p r e s e n t s  
a summary e v a l u a t i o n  o f  the l a n d i n g  c a p a c i t y  data and a l s o  shows t h e  effect  of  
a i r c ra f t  s ize  on the  passenger  d e l i v e r y  c a p a c i t y .  

Curren t  S e p a r a t i o n  I n t e r v a l s  

Curren t  I L S  method ( b a s e l i n e ) . -  The c u r r e n t  approach method us ing  t h e  ILS 
guidance system is i l l u s t r a t e d  i n  f i g u r e  2.  Each a i rcraf t  begins  its approach 
a t  t h e  ILS-gate and descends a t  c o n s t a n t  approach speed a long  t h e  g l ide  s l o p e  
by u s i n g  guidance informat ion  from the  I L S  system. Th i s  in format ion  i n c l u d e s  
v e r t i c a l  and la teral  glide s l o p e  d e v i a t i o n s  and discrete s i g n a l s  which i n d i c a t e  
passage o f  the  o u t e r ,  middle ,  and i n n e r  s t a t i o n a r y  markers. S ince  a l l  aircraft  
use  a common p a t h ,  minimum l o n g i t u d i n a l  IFR s e p a r a t i o n  i n t e r v a l s  are imposed. 

The c o n d i t i o n s  f o r  the b a s e l i n e  a n a l y s i s  ( u s i n g  c u r r e n t  s e p a r a t i o n  i n t e r -  
v a l s )  are 

e = 30 

Random a r r i v a l  sequence 

y = 14.82 km (8  n.  m i . )  

VA = 130 k n o t s  

VB = 135 k n o t s  

Vc = 140 k n o t s  

The c u r r e n t  l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s  6 i -  are l i s t ed  i n  table  I1 
and were the  v a l u e s  s p e c i f i e d  i n  r e f e r e n c e  10. 
( 3  n. m i .  
( 4  n. m i . )  and 9.25 km (5  n. m i . )  are c u r r e n t  wake tu rbu lence  avoidance i n t e r -  
v a l s  behind jets classified as  "heavy. '! 

The vagues of  6 i  = 5.56 km 
are c u r r e n t  IFR s e p a r a t i o n  s t a n d a r d s  and the  v a l u e s  o$ 7.40 km 

The r e s u l t s  o f  the l a n d i n g  c a p a c i t y  a n a l y s i s  are g iven  i n  f i g u r e  3. 
The p ropor t ion  o f  t y p e  C aircraft  i n  c u r r e n t  mixes a t  major U.S. a i r p o r t s  
(ref.  3) is  a l s o  shown. S ince  PC = 0.2 (20 p e r c e n t  t ype  C aircraf t  i n  t h e  
mix) was nea r  the  c e n t e r  o f  t he  band, t h i s  v a l u e  was used f o r  comparing land- 
i n g  c a p a c i t y  r e s u l t s  f o r  a c u r r e n t  mix. 

F igu re  3 i l l u s t r a t e s  t h a t  t h e  b a s e l i n e  l a n d i n g  c a p a c i t y  i n i t i a l l y  decreased 
as t h e  percentage  o f  t y p e  C a i rcraf t  i n c r e a s e d .  When the  mix conta ined  more 
than  about  70 pe rcen t  t y p e  C aircraf t ,  t he  l a n d i n g  c a p a c i t y  remained e s s e n t i a l l y  
cons t an t .  This same t r e n d  is shown i n  r e f e r e n c e s  3 and 13. The t r e n d  r e s u l t s  
from the  r e l a t i o n s  shown i n  equa t ions  ( 1 )  and (2);  these equa t ions  show t h a t  t h e  
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i n t e r a r r i v a l  t i m e  t+j  
t i o n  i n t e r v a l  6 i j  is  i n c r e a s e d  or  when V i  > V j .  Table  I V  p r e s e n t s  t he  i n t e r -  
a r r i v a l  times f o r  t h i s  b a s e l i n e  cas’e. For the cases when the  l e a d i n g  a i rcraf t  
was a type  C a i rcraf t ,  both  o f  these effects occurred and t h e  i n t e r a r r i v a l  
t i m e  was s i g n i f i c a n t l y  inc reased .  

between any a i rc raf t  p a i r  is inc reased  when t h e  separa-  

36.5 

35.8 

Uniform speed method.- A uniform speed method was d i scussed  i n  r e f e r e n c e  14  
as a means o f  i n c r e a s i n g  l and ing  c a p a c i t y  by e l i m i n a t i n g  the  adverse  effects o f  
f a s t - s low p a i r s .  I n  t h i s  a n a l y s i s ,  a l l  c o n d i t i o n s  were t h e  same as f o r  t h e  
b a s e l i n e  case excep t  t h a t  a l l  t h e  aircraft  types  had an  approach speed o f  
140 kno t s .  

34.9 

34.2 

The r e s u l t s  are shown i n  f i g u r e  4 and compared w i t h  t h e  b a s e l i n e  method 
described i n  t he  p rev ious  s e c t i o n .  These data show t h a t  the  l and ing  c a p a c i t y  
was only  about  5 t o  6 pe rcen t  greater than  the b a s e l i n e  v a l u e s  when t h e  propor- 
t i o n  of  t y p e  C a i rcraf t  was low and t h e  l and ing  c a p a c i t y  approached t h e  base- 
l i n e  v a l u e s  as t h i s  p ropor t ion  inc reased .  T h i s  decrease occurred  because o f  
t he  reduced v e l o c i t y  d i f f e r e n c e s  by t h e  higher  p r o p o r t i o n s  of  t ype  C a i rcraf t .  
It should be no ted ,  however, t h a t  a l though t h e  l and ing  c a p a c i t y  was n o t  s i g n i f -  
i c a n t l y  affected by approach speed f o r  t h e  c o n d i t i o n s  o f  t h i s  s t u d y ,  unpublished 
Langley Research Center data obta ined  by S. K .  Pa rk  and T.  A.  Straeter show t h a t  
t h i s  effect  is s i g n i f i c a n t  when v e l o c i t y  d i f f e r e n c e s  are large.  

Reduced common pa th  l e n g t h  method.- Another means o f  reducing  t h e  adve r se  
effect  on l and ing  c a p a c i t y  o f  t h e  f a s t - s low pairs  shown i n  table I V  is t o  reduce 
the  l e n g t h  o f  t h e  common approach pa th  y. An a n a l y s i s  w a s  performed by us ing  
t h e  same i n p u t s  as t h e  b a s e l i n e  case except  t h a t  va lues  of  
( I O  n. m i . )  and y 9.25 km ( 5  n.  m i . )  were used f o r  t he  common pa th  l e n g t h .  

y = 18.52 km 

It was found t h a t  for t h e  approach speeds and mixes used i n  t h i s  s t u d y ,  
t h i s  effect  was a l s o  ve ry  small as  i n d i c a t e d  by t h e  fo l lowing  table: 

km 

9.25 

18.52 

n. m i .  

5 

10 

Pc = 0 

43.7 

43.1 

P c  = 0.2 

39.2 

38.4 

Th i s  r e s u l t  is c o n s i s t e n t  w i t h  t h e  conclus ion  i n  r e f e r e n c e  6 f o r  t he  case where 
v e l o c i t y  d i f f e r e n c e s  are small. However, t h a t  r e f e r e n c e  a l s o  shows t h a t  t he  
common pa th  l e n g t h  can be a s i g n i f i c a n t  f a c t o r  when v e l o c i t y  d i f f e r e n c e s  are 
large. 

Curved-path method.- The curved-path method w i l l  u t i l i z e  t h e  MLS guidance 
system descr ibed i n  r e f e r e n c e s  1 and 2 t o  provide  v a r i a b l e  approach cour ses  and 
g l i d e  s l o p e s  t o  t h e  runway. Curved approaches w i l l  p rovide  a number o f  advan- 
tages such as reduced a i r p o r t  t raff ic  c o n f l i c t s  and d e l a y s ,  s h o r t e r  a r r i v a l  
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r o u t e  l e n g t h s ,  and reduced n o i s e  impact (ref.  3 ) .  S ince  t h i s  method may pro- 
v i d e  reduced common pa th  l e n g t h s ,  a n  i n c r e a s e  i n  t h e  l and ing  c a p a c i t y  is a l s o  
p o s s i b l e .  

The curved-path method ana lyzed  i n  t h i s  s t u d y  is shown i n  f i g u r e  5. 
the  c o n d i t i o n s  were t h e  same as those  f o r  t he  b a s e l i n e  case except  t h a t  f o r  a l l  
p a i r s  t i j  was t h e  time r e q u i r e d  f o r  a i rcraf t  j t o  t r a v e r s e  t h e  d i s t a n c e  6 i j .  

A l l  

The r e s u l t s  i n  f i g u r e  6 show t h a t  f o r  t h e  c o n d i t i o n s  o f  t h i s  s t u d y ,  t h e  
effect  of  t h e  curved-path method was small. T h i s  r e s u l t  is t h e  same as t h a t  of  
t h e  uniform speed and reduced common p a t h  l e n g t h  methods. I n  t he  t h r e e  cases, 
t h e  r e s u l t s  showed t h a t  f o r  t h e  t y p i c a l  commercial j e t  a i rcraf t  types  used i n  
t h i s  s t u d y ,  i nc remen ta l  speed d i f f e r e n c e s  d i d  n o t  have a s i g n i f i c a n t  i n f l u e n c e  
on l and ing  c a p a c i t y .  

Delayed f l a p  method.- Delayed f l a p  approaches are c u r r e n t l y  r e c e i v i n g  con- 
s i d e r a b l e  a t t e n t i o n  s i n c e  t h e y  o f f e r  t h e  p o t e n t i a l  advantages  of lower approach 
n o i s e  and reduced f u e l  consumption. T h i s  method i s  i n i t i a t e d  w i t h  h igh  approach 
speed, low t h r u s t ,  and low drag. A t  a p p r o p r i a t e  times af ter  t h e  a i rc raf t  p a s s e s  
t h e  I L S  gate, t h e  l and ing  gear and f l a p s  are lowered so t h a t  t h e  a i rcraf t  decel- 
erates t o  t h e  normal approach v e l o c i t y  a t  an  a l t i t u d e  of  approximate ly  183 m 
(600 f t ) .  The technique  can be used w i t h  s i n g l e  f l i g h t  p a t h s ,  m u l t i p l e  f l i g h t  
p a t h s ,  or segmented p a t h s .  Some r e c e n t  s t u d i e s  and exper iments  w i t h  delayed 
f l a p  approaches are descr ibed i n  r e f e r e n c e s  15 t o  18. 

F igu re  7 i l l u s t r a t e s  t h e  two d e c e l e r a t i o n  schedu les  used i n  t h e  s t u d y  i n  
terms o f  speeds  as a f u n c t i o n  o f  d i s t a n c e  from t h e  p r o j e c t e d  touchdown p o i n t .  
Schedule 1 was used by a l l  t y p e  A a i rcraf t  and schedu le  2 was used by a l l  type  B 
and C a i rcraf t .  It can be noted t h a t  schedule  2 w a s  g e n e r a l l y  t h e  faster o f  t h e  
two schedu les  and t h a t  both  schedu les  show v e l o c i t i e s  h ighe r  t h a n  t h e  b a s e l i n e  
v a l u e s  beyond about  
be feasible  and s u f f i c i e n t l y  r e p r e s e n t a t i v e  f o r  u se  i n  t h i s  s tudy .  

x = 3 km (1 .6  n.  m i . ) .  These schedu les  were be l i eved  t o  

I n  t h i s  a n a l y s i s  t h e  l and ing  c a p a c i t y  was determined f o r  three c o n d i t i o n s :  
( 1 )  only t h e  t y p e  A a i rcraf t  i n  th.e mix used t h e  de layed  f l a p  method, (2 )  on ly  
type  A and B a i rc raf t  used t h i s  method, and (3 )  a l l  a i rcraf t  i n  t h e  mix used 
t h i s  method. It should  be noted t h a t  t h e  de layed  f l a p  method r e q u i r e d  
y = 18.52 km ( I O  n .  m i . ) .  Therefore ,  t h e  d a t a  are compared i n  f i g u r e  8 w i t h  
b a s e l i n e  va lues  u s i n g  y = 18.52 km ( I O  n. m i . )  r a t h e r  than  w i t h  t h e  p rev ious ly  
used b a s e l i n e  v a l u e s  where y = 14.82 km (8  n.  m i . ) .  The d i f f e r e n c e s  between 
these b a s e l i n e  r e s u l t s ,  however, were found t o  be s u f f i c i e n t l y  small (always 
less  than  1 p e r c e n t )  t o  j u s t i f y  comparison w i t h  t h e  p rev ious ly  used b a s e l i n e  
va lues .  

The data i n  f i g u r e  8 show t h a t  when on ly  t h e  t y p e  A a i rcraf t  i n  t h e  mix 
used t h i s  method, there was a s l i g h t  l o s s  i n  l a n d i n g  c a p a c i t y  a t  mixes w i t h  less 
than  about  30 pe rcen t  t y p e  C a i rc raf t ,  and when both  t y p e s  A and B used t h i s  
method, there was a s l i g h t  i n c r e a s e  i n  t h e  l a n d i n g  c a p a c i t y  i n  t h i s  range. When 
a l l  the  a i rcraf t  i n  the  mix used t h i s  method, t h e  l a n d i n g  c a p a c i t y  was greater 
than  t h a t  f o r  t he  cu r ren t 'me thod  f o r  a l l  t he  mixes. 
c e n t  t y p e  C a i rcraf t ,  t h e  i n c r e a s e  was about  13 p e r c e n t .  

For a mix c o n t a i n i n g  20 per- 

10 



! 

These r e s u l t s  can be expla ined  w i t h  the  i n t e r a r r i v a l  time data p resen ted  
i n  t a b l e  V. These data i n d i c a t e  t h a t  t h e  r educ t ion  i n  l and ing  c a p a c i t y ,  no ted  
when on ly  the  type  A aircraft  used t h i s  method and the  p ropor t ion  o f  t ype  C air- 
craft was small, was a n  adve r se  v e l o c i t y  effect  t h a t  r e s u l t e d  i n  i n c r e a s e s  i n  
t i j  craft used t h i s  method, t he  v e l o c i t y  effect was f a v o r a b l e  i n  t h i s  r e g i o n  and 
the  g a i n s  r e s u l t e d  from r e d u c t i o n s  i n  
aircraft combinations. When a l l  the aircraft used t h i s  method, t he  v e l o c i t y  
effect r e s u l t e d  i n  reduced v a l u e s  o f  

f o r  the f a s t - s low aircraft  p a i r s  A-B and A-C. When both type  A and B air- 

t i j  f o r  a l l  t he  p o s s i b l e  type  A and B 

t ij  f o r  a l l  p o s s i b l e  p a i r s .  

Dual-path method.- With MLS guidance i t  w i l l  a l s o  be feasible t o  make dual -  
pa th  approaches.  
l o n g i t u d i n a l  and v e r t i c a l  s e p a r a t i o n  between aircraft on d u a l  p a t h s  and con- 
cluded t h a t  s i g n i f i c a n t  i n c r e a s e s  i n  l and ing  c a p a c i t y  could be achieved w i t h  
t h i s  concept.  

The s tudy  r e p o r t e d  i n  r e f e r e n c e  6 in t roduced  the  concept o f  

F igu re  9 i l l u s t r a t e s  t he  three dual -pa th  c o n f i g u r a t i o n s  ana lyzed  i n  t h e  
p r e s e n t  s tudy .  S ince  the  v o r t i c e s  from t h e  a i rcraf t  on the  lower pa th  do n o t  
p r e s e n t  a hazard t o  the  a i rcraf t  on t h e  upper p a t h s ,  it was p o s s i b l e  t o  use  
reduced l o n g i t u d i n a l  i n t e r v a l s  6 i ~ , ~ i ~  when a i rcraf t  i was on t h e  lower 
pa th  and a i rcraf t  j was on an upper pa th .  (See f igs .  1 ( d )  and 1 ( e ) .  For t h e  
three pa th  c o n f i g u r a t i o n s  shown i n  f i g u r e  9 ,  the 6 i j , m i n  v a l u e s  (from eq .  ( 8 ) )  
were 5.57, 3.63, and 2.65 km (3 .01 ,  1.96, and 1.43 n.  m i . )  f o r  t h e  va lues  of 
8u  3O, 4.5O, and 60 ,  r e s p e c t i v e l y .  As noted ea r l i e r ,  for t h e  c o n f i g u r a t i o n  
where 
than  
CU-AL and CU-BL p a i r s .  

Bu = 60, it was necessa ry  t o  use  6 i j  = 8.14 km (4 .4  n .  m i . )  rather 
6 i j  = 9.25 km ( 5  n. m i . )  f o r  t h e  l o n g i t u d i n a l  i n t e r v a l  between the  

Three strategies f o r  u t i l i z i n g  t h e  dual-path geometry were i n v e s t i g a t e d .  

were manipulated t o  i n v e s t i g a t e  t he  fo l lowing:  

( 1 )  A l t e r n a t i n g  l and ing  s t r a t e g y :  T h i s  is  t h e  s t r a t e g y  desc r ibed  earlier 

I n  each s t r a t e g y  both p a t h s  were u t i l i z e d  e q u a l l y ,  bu t  t h e  p r o b a b i l i t y  terms 
P i j  

and i l l u s t r a t e d  i n  table 111. A l l  a i rc ra f t  types  were free t o  use e i ther  p a t h ,  
and l a n d i n g s  always a l t e r n a t e d  between aircraft  on each pa th .  

( 2 )  Preferred pa th  s t r a t e g y :  T h i s  s t r a t e g y  was t h a t  when Pc  < 0.5,  a l l  
t y p e  C a i rcraf t  were restricted t o  t h e  lower p a t h  and a l l  t h e  type  A and B air-  
c ra f t  could use  e i ther  pa th .  PC > 0.5, the  type  A and B a i rcraf t  were 
restricted t o  the upper path and t h e  type  C a i rcraf t  used both  pa ths .  A l t e r n a t e  
l a n d i n g s  between the  p a t h s  were no t  r equ i r ed .  

When 

(3)  Free  op t ion  s t r a t e g y :  This  s t r a t e g y  allowed a l l  a i rcraf t  t y p e s  t o  u s e  
e i ther  pa th  but  d i d  n o t  r e q u i r e  a l t e r n a t e  l and ings  between the  p a t h s .  

T h i s  i n v e s t i g a t i o n  showed t h a t  the  l and ing  c a p a c i t i e s  f o r  t h e  p r e f e r r e d  
p a t h  and free o p t i o n  strategies had e s s e n t i a l l y  the  same v a l u e s  and were 5 t o  
8 o p e r a t i o n s / h r  less than  the  a l t e r n a t i n g  l and ing  s t r a t e g y  f o r  a l l  the  aircraft  
mixes. The lower l a n d i n g  c a p a c i t y  f o r  the  p r e f e r r e d  pa th  and free o p t i o n  strat-  
egies occurred because there was less oppor tun i ty  t o  take advantage o f  t h e  bene- 
fits afforded by 6 i j , m i n  over  6 i j .  For  t h i s  r eason  t h e  l and ing  c a p a c i t y  
r e s u l t s  presented  f o r  t h e  dua l -pa th  and-dual-path-curved methods were determined 
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f o r  the  a l t e r n a t i n g  l a n d i n g  s t r a t e g y .  It should be no ted ,  however, t h a t  t h e  
o t h e r  two strategies ( p a r t i c u l a r l y  t h e  f ree  o p t i o n  s t r a t e g y )  may o f f e r  opera- 
t i o n a l  advantages which could  compensate f o r  t h e i r  s l i g h t l y  reduced 
e f f e c t i v e n e s s  . 

The r e s u l t s  o f  t h e  dual-path method are compared wi th  t h e  b a s e l i n e  data 
i n  f i g u r e  10 and show g a i n s  f o r  a l l  t h r e e  pa th  c o n f i g u r a t i o n s .  
c a p a c i t y  va lues  were larger f o r  t h e  c o n f i g u r a t i o n s  w i t h  s t e e p e r  upper s l o p e s .  
For a mix of  20 pe rcen t  t y p e  C a i r c ra f t ,  t h i s  method inc reased  t h e  l and ing  
c a p a c i t y  by 24 pe rcen t  f o r  8u = 4 . 5 O  and 39 pe rcen t  f o r  8u = 60. These 
g a i n s  were larger than  t h o s e  f o r  any of  t h e  preceding  methods us ing  the  c u r r e n t  
l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s .  However, as wi th  t h e  o t h e r  methods u s i n g  
these i n t e r v a l s ,  t he  l a n d i n g  c a p a c i t y  v a l u e s  decreased as t h e  p ropor t ion  of 
t y p e  C aircraft  i n c r e a s e d .  

The l and ing  

It should be noted t h a t  w i t h  t h e  dua l -pa th  method, t h e  more sha l low upper 
p a t h  c o n f i g u r a t i o n s  (8, = 3O and 8u = 4.5O) could provide  e s s e n t i a l l y  t h e  
same land ing  c a p a c i t y  as t h e  
s e p a r a t i o n  d i s t a n c e  hmin was reduced t o  ach ieve  t h e  same va lue  of  6 i j , m i n .  
(For 8u = 3O, t he  r e q u i r e d  va lue  o f  h,in would be  152.4 m (500 f t ) . )  Addi- 
t i o n a l  s t u d i e s  are needed t o  determine optimum combinations of  approach pa th  
a n g l e s  and v e r t i c a l  s e p a r a t i o n  requi rements .  For example, t h e  s t e e p e r  approach 
p a t h s  w i t h  large v e r t i c a l  s e p a r a t i o n s  may be more d i f f i c u l t  t o  n e g o t i a t e  f o r  
some classes of  a i r c r a f t .  On t h e  o t h e r  hand, t h e  more sha l low approach p a t h s  
w i t h  reduced v e r t i c a l  s e p a r a t i o n s  may be i m p r a c t i c a l  because of  a i r  t r a f f i c  
c o n t r o l  l i m i t a t i o n s .  

8u = 60 c o n f i g u r a t i o n  i f  t h e  minimum v e r t i c a l  

Dual-path-curved method.- The dual-path-curved method i s  i l l u s t r a t e d  i n  
t he  s u r e  11 .  
guidance informat ion  t o  make curved approaches i n  both  t h e  lower p lane  
t h e  upper p l ane  8u. I n  t h e  a n a l y s i s ,  i t  was assumed t h a t  when a i rcraf t  i had 
l anded ,  a i rcraf t  j w a s  a d i s t a n c e  6 i j , m i n  behind i t .  A s  p rev ious ly  
noted ,  when 8u = 6O, it  was necessar;i$o ::e 6 i j  = 8.14 km ( 4 . 4  n. m i . )  
rather than 6 i j  = 9.25 km ( 5  n .  m i . )  f o r  t h e  CU-AL and CU-BL pairs .  

With t h i s  method, a i rc raf t  use  MLS p o s i t i o n  and 
8, and 

The r e s u l t s  shown i n  f i g u r e  12 i n d i c a t e  t h a t  t h e  t r e n d s  a r e  similar t o  
t h o s e  for t h e  dua l -pa th  method i n  f i g u r e  10. Each p a t h  c o n f i g u r a t i o n  showed a 
g a i n  over the  b a s e l i n e  and the  g a i n s  i n c r e a s e d ,  at; a g iven  mix, as t h e  a n g l e  of  
the upper pa th  i n c r e a s e d .  These g a i n s  r e s u l t e d  from t h e  reduced v a l u e s  of  
Gi j ,min  which were ob ta ined  a t  t h e  larger v a l u e s  of 8u ( e q .  (6)). A compari- 

. son of the  data i n  f igure 12 w i t h  t h e  data i n  f i g u r e  10 i n d i c a t e s  t h a t  t h e  g a i n s  
r e s u l t i n g  from curved p a t h s  were n o t  large,  which i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  
o f  t h e  curved pa th  ( s i n g l e  p l ane )  a n a l y s i s  p re sen ted  i n  t h e  s e c t i o n  "Curved- 
P a t h  Method. 

O f  a l l  t h e  methods u s i n g  c u r r e n t  l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s ,  t h e  
dual-path-curved method provided t h e  largest  i n c r e a s e s  i n  l and ing  c a p a c i t y  
(28 pe rcen t  and 46 pe rcen t  f o r  8u = 4 . 5 O  
t y p i c a l  mix c o n t a i n i n g  20 pe rcen t  t ype  C a i rcraf t .  As w i t h  a l l  t h e  o t h e r  
methods us ing  c u r r e n t  l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s ,  t h e  l and ing  c a p a c i t y  
decreased as t h e  p ropor t ion  of t y p e  C a i rcraf t  i n  t h e  mix inc reased .  

and 8u = 60,  r e s p e c t i v e l y )  a t  a 

12 



Reduced Sepa ra t ion  I n t e r v a l s  

Reduced s e p a r a t i o n  i n t e r v a l s  have r ece ived  a great deal of a t t e n t i o n  by 
both  NASA and t h e  DOT and i n d i c a t i o n s  are t h a t  some r e d u c t i o n s  i n  t h e  c u r r e n t  
s e p a r a t i o n  i n t e r v a l s  may become p o s s i b l e .  Data i n  r e f e r e n c e  4, for  example, 
i n d i c a t e  t h a t  the  v o r t e x  hazard nea r  t h e  t h r e s h o l d  is s t r o n g l y  in f luenced  by 
s u r f a c e  wind c o n d i t i o n s ,  and t h a t  under some wind c o n d i t i o n s ,  t h e  wake turbu- 
l e n c e  s e p a r a t i o n  i n t e r v a l  might be reduced t o  5.56 km (3 n.  m i . )  between a l l  
a i rcraf t .  Reference 3 i n d i c a t e s  that  w i t h i n  t h e  nex t  10 y e a r s ,  a r e d u c t i o n  
t o  3.70 km (2  n. m i . )  w i t h  v a r i a b l e  spac ing  f o r  wake tu rbu lence  can be expec ted ,  
and data i n  r e f e r e n c e  5 i n d i c a t e  t h a t  t h e  development of  aerodynamic means of 
a t t e n u a t i n g  f l i g h t  v o r t i c e s  appea r s  t o  be promising. 

An a n a l y s i s  was performed t o  e v a l u a t e  t h e  effect  of reduced s e p a r a t i o n  
i n t e r v a l s .  A reduced s e p a r a t i o n  i n t e r v a l  o f  5.56 km ( 3  n .  m i . )  was selected 
for  a l l  p a i r s  on t h e  basis of  the  d i s c u s s i o n  i n  r e f e r e n c e  4, as w e l l  as a sec- 
ond i n t e r v a l  o f  3.70 lan ( 2  n.  m i . )  for a l l  p a i r s .  T h i s  l a t te r  i n t e r v a l  is 
beyond t h e  state of t h e  ar t  a t  t h i s  t i m e  ( ref .  3) b u t  w a s  chosen as a g o a l  
which might e v e n t u a l l y  be reached as a r e s u l t  o f  cont inued  v o r t e x  a t t e n u a t i o n  
research and advanced a i r  t r a f f i c  c o n t r o l  system developments. 

F igu re  13 shows t h e  l and ing  c a p a c i t y  f o r  t h e  c u r r e n t  method u s i n g  these 
reduced i n t e r v a l s .  These r e s u l t s  are compared w i t h  t h e  b a s e l i n e  data and 
show t h a t  t h e  i n c r e a s e  obta ined  by reducing  t h e  c u r r e n t  i n t e r v a l s  t o  5.56 km 
( 3  n. m i . )  w a s  no t  p a r t i c u l a r l y  large i n  t h e  c u r r e n t  range of t y p i c a l  mixes 
( I O  pe rcen t  t o  40 pe rcen t  t y p e  C a i r c ra f t ) .  Reducing t h e  c u r r e n t  i n t e r v a l s  
t o  3.70 km ( 2  n. m i . ) ,  however, i nc reased  t h e  l and ing  c a p a c i t y  s i g n i f i c a n t l y  
(65 p e r c e n t )  a t  a mix of 20 pe rcen t  t ype  C a i rcraf t ,  and c l e a r l y  emphasizes 
t h e  b e n e f i t s  a s s o c i a t e d  w i t h  large r e d u c t i o n s  i n  t h e  c u r r e n t  s e p a r a t i o n  i n t e r -  
v a l s .  It is a l s o  i n t e r e s t i n g  t o  no te  t h a t  w i t h  e i ther  of  t h e  reduced i n t e r v a l s ,  
t h e  l and ing  c a p a c i t y  v a l u e s  i n c r e a s e d  w i t h  an  i n c r e a s i n g  p ropor t ion  of t ype  C 
a i r c ra f t  rather than decreased as w i t h  a l l  t h e  methods u s i n g  t h e  c u r r e n t  i n t e r -  
v a l s .  T h i s  same t r end  is shown by t h e  data i n  r e f e r e n c e  3 and r e s u l t s  from t h e  
large r e d u c t i o n s  i n  6 i j  behind t h e  type  C a i r c r a f t .  

Values of A f o r  t he  reduced common pa th  l e n g t h  method w i t h  reduced sepa- 
r a t i o n  i n t e r v a l s  were e s s e n t i a l l y  t h e  same as those  f o r  t h e  c u r r e n t  method w i t h  
reduced i n t e r v a l s  ( f i g .  13) and are n o t  p re sen ted  i n  a separate f i g u r e .  

A t  e i ther  o f  t h e  reduced 6 i .  v a l u e s ,  t h e  l and ing  c a p a c i t y  v a l u e s  f o r  
t h e  uniform speed method ( f i g .  14?, t h e  curved-path method ( f i g .  151, and the  
delayed f l a p  method ( f i g .  16) d i d  n o t  d i f f e r  s i g n i f i c a n t l y  from t h e  v a l u e s  f o r  
the  c u r r e n t  method w i t h  reduced s e p a r a t i o n  i n t e r v a l s  shown i n  f i g u r e  13. T h i s  
r e s u l t  is c o n s i s t e n t  w i t h  data shown f o r  these methods p rev ious ly  when t h e  cur -  
r e n t  s e p a r a t i o n  i n t e r v a l s  were used and i n d i c a t e s  t h a t  these p a r t i c u l a r  methods 
do no t  provide  s i g n i f i c a n t  i n c r e a s e s  over t h e  
s e p a r a t i o n  i n t e r v a l s  used. 

The g a i n s  i n  l and ing  c a p a c i t y  o f f e r e d  by 
s e p a r a t i o n  i n t e r v a l s  were large when compared 
l ~ l y  when "ij 5.56 km ( 3  n. mi.). It can 

c u r r e n t  method regardless of  t h e  

a l l  these methods wi th  reduced 
w i t h  t h e  b a s e l i n e  data,  p a r t i c u -  
a l s o  be noted t h a t  each o f  these 
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methods showed the  same f a v o r a b l e  i n c r e a s e  i n  l a n d i n g  c a p a c i t y  w i t h  a n  i n c r e a s -  
i n g  p r o p o r t i o n  o f  t y p e  C aircraft  as shown i n  f i g u r e  13. 

F i g u r e s  17 and 18 show the  l a n d i n g  c a p a c i t y  a t  reduced s e p a r a t i o n  i n t e r v a l s  
f o r  t h e  dual-path and the dual-path-curved methods, r e s p e c t i v e l y .  The l a n d i n g  
c a p a c i t y  v a l u e s  shown f o r  these methods were t h e  largest found i n  t h i s  s t u d y  and 
were approximate ly  double those for  t h e  c u r r e n t  method w i t h  c u r r e n t  s e p a r a t i o n  
i n t e r v a l s .  
dual-path geometry i n  combination wi th  a large r e d u c t i o n  i n  spac ing  between 
p a i r s  on the  same path.  

These g a i n s  were made p o s s i b l e  by v o r t e x  avoidance advantage o f  the 

Another characteristic which makes these dual-path methods a t t r a c t i v e  is  
reduced n o i s e .  Data i n  r e f e r e n c e  19 i n d i c a t e  tha t  w i t h  s t e e p  approach p a t h s ,  
lower t h r u s t  s e t t i n g s  are r e q u i r e d  and c e n t e r - l i n e  n o i s e  is reduced. 
i nc reased  path a n g l e  a l s o  p rov ides  a n o i s e  r e d u c t i o n  by i n c r e a s i n g  the  d i s t a n c e  
between an  obse rve r  on the  ground and the  n o i s e  source .  

The 

Data Eva lua t ion  

The l a n d i n g  c a p a c i t y  r e s u l t s  are summarized i n  f i g u r e  19 f o r  a l a n d i n g  
mix c o n t a i n i n g  20 pe rcen t  t y p e  C aircraft. The r e s u l t s  o f  t h e  a n a l y s i s  of  t he  
reduced common p a t h  l e n g t h  method are n o t  shown s i n c e  t h e y  were e s s e n t i a l l y  t h e  
same as were obta ined  w i t h  t h e  c u r r e n t  method. F igu re  19 a l s o  shows a va lue  o f  
l and ing  c a p a c i t y  l i m i t e d  on ly  by the  time r e q u i r e d  f o r  aircraft  i t o  clear the 
runway so t h a t  aircraft  j can l and .  References  1 and 2 i n d i c a t e  t h a t  w i th  
p rope r ly  designed runways, 40 t o  45 seconds is a reasonab le  i n t e r v a l  between 
a r r i v a l s ;  t h e r e f o r e ,  an  i n t e r v a l  o f  40 seconds was used t o  de te rmine  the  g o a l  
o f  90 o p e r a t i o n s / h r  shown i n  the  f i g u r e .  

The data i n  f i g u r e  19 show t h a t  w i t h  c u r r e n t  s e p a r a t i o n  i n t e r v a l s ,  the  
dual-path and dual-path-curved methods provided t h e  largest  g a i n s  ove r  t h e  cur -  
r e n t  method. However, even these rates (=54 o p e r a t i o n s / h r  f o r  t h e  dua l -pa th  
method and 56 o p e r a t i o n s / h r  f o r  t he  dual-path-curved method) were far below t h e  
90 o p e r a t i o n s / h r  g o a l .  I n  a d d i t i o n ,  as noted ear l ier ,  t he  l a n d i n g  c a p a c i t y  V a l -  
ues decreased f o r  a l l  t he  methods as the  p r o p o r t i o n  o f  t ype  C a i rcraf t  i n c r e a s e d .  

For a l l  the  methods cons ide red ,  reducing  the  c u r r e n t  l o n g i t u d i n a l  separa-  
t i o n  i n t e r v a l s  t o  5.56 km ( 3  n. m i . )  i n c r e a s e d  t h e  l and ing  c a p a c i t y  by on ly  about  
6 o p e r a t i o n s / h r  f o r  t h i s  mix. A f u r t h e r  r e d u c t i o n  t o  3.70 km (2 n. m i . ) ,  how- 
e v e r ,  produced a very  s i g n i f i c a n t  i n c r e a s e  i n  l a n d i n g  c a p a c i t y  f o r  every  method. 
T h i s  large r e d u c t i o n  i n  spac ing ,  combined w i t h  the  v o r t e x  avoidance advantages  
of  t he  dual-path and dual-path-curved geometry, approximate ly  doubled t h e  land- 
i n g  c a p a c i t y  for t h e  aircraft; mix c o n t a i n i n g  20 pe rcen t  type C a i rcraf t .  The 
g a i n  i n  l and ing  capacity achi-eved by u s i n g  the  dual-path-curved method, w h i l e  
ma in ta in ing  the c u r r e n t  l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s ,  i s  shown t o  be equiv- 
a l e n t  t o  reducing  t h e  s e p a r a t i o n  i n t e r v a l s  t o  3.70 km ( 2  n.  m i . )  w i th  t he  cur -  
r e n t  method. A t  h igher  p ropor t ions  o f  t ype  C a i rcraf t ,  t h e  g a i n s  were larger 
s i n c e  t h e  effect o f  t he  reduced s e p a r a t i o n  i n t e r v a l s  was p a r t i c u l a r l y  s i g n i f i -  
c a n t  a t  these c o n d i t i o n s .  F i g u r e s  17 and 18, f o r  example, show t h a t  when the  
p ropor t ion  o f  t y p e  C aircraft was 180 p e r c e n t ,  t h e  l a n d i n g  c a p a c i t y  was approx- 
i m a t e l y  80 opera t ions /hr"  w i t h  these two methods. 
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Reference 3 n o t e s  t h a t  l and ing  c a p a c i t y  is affected by the  p r e c i s i o n  of  t h e  
a r r i v a l  time of  the a i rcraf t  a t  t h e  ILS gate. T h i s  effect was shown t o  be par- 
t i c u l a r l y  s i g n i f i c a n t  a t  high l and ing  c a p a c i t i e s  and reduced s e p a r a t i o n  i n t e r -  
v a l s .  S ince  t h e  a r r i v a l  e r r o r  was assumed t o  be z e r o  throughout t h i s  a n a l y s i s ,  
t he  h igher  v a l u e s  shown i n  f i g u r e s  17, 18, and 19 should be regarded as i n d i c a t -  
i n g  t r e n d s  rather than  as v a l u e s  which might be  expected i n  a c u r r e n t  o p e r a t i o n a l  
environment . 

T h i s  s tudy  a l s o  inc luded  an a n a l y s i s  of  t h e  impact of these v a r i o u s  methods 
and o f  a i rcraf t  s ize  (passenger  c a p a c i t y )  an t h e  passenger d e l i v e r y  c a p a c i t y  lJ 
as de f ined  i n  equa t ion  (13).  Some t y p i c a l  r e s u l t s  are summarized as a f u n c t i o n  
of  the  p ropor t ion  of type  C a i rcraf t  i n  t h e  mix i n  f i g u r e  20. T h i s  f i g u r e  a l s o  
i n c l u d e s  lJ v a l u e s  fcr t h e  40-second l a n d i n g  i n t e r v a l  d i scussed  ear l ie r .  The 
data i n  f i g u r e  20 have a l l  been normalized t o  t h e  va lue  of lJ f o r  t h e  b a s e l i n e  
c o n d i t i o n s  (5770 passenge r s /h r )  a t  a mix of  20 pe rcen t  t y p e  C a i rc raf t .  

The r e s u l t s  show t h a t  f o r  a l l  t he  methods cons ide red ,  t h e  passenger d e l i v -  
e r y  c a p a c i t y  always inc reased  as t h e  p ropor t ion  of t ype  C a i rc raf t  i n  t h e  mix 
i n c r e a s e d .  T h i s  was t r u e  even f o r  t h o s e  methods which showed a decrease i n  t h e  
l and ing  c a p a c i t y  w i t h  an i n c r e a s e  i n  t h e  p ropor t ion  of type  C a i r c r a f t  ( t h a t  i s ,  
f i g s .  3, 4 ,  6 ,  8 ,  I O ,  and 12) .  The data i n  f i g u r e  20 a l s o  show t h a t  i n c r e a s i n g  
t h e  p ropor t ion  of t ype  C a i r c ra f t ,  w i t h  t h e i r  large passenger capaci t ies ,  is an  
ex t remely  e f f e c t i v e  method o f  i n c r e a s i n g  passenger d e l i v e r y  c a p a c i t y .  T h i s  
r e s u l t  i n d i c a t e s  t h a t  t h e  requirement t o  meet t h e  a n t i c i p a t e d  inc reased  demand 
f o r  a i r  t r a n s p o r t a t i o n  w i l l  n e c e s s i t a t e  no t  only advanced l and ing  approach meth- 
ods and large r e d u c t i o n s  i n  s e p a r a t i o n  i n t e r v a l s ,  bu t  a l s o  an  inc reased  propor- 
t i o n  o f  high passenger c a p a c i t y  a i r c r a f t .  

CONCLUDING REMARKS 

R e s u l t s  have been p resen ted  o f  a n a l y s e s  of  t h e  e f f e c t s  on l and ing  c a p a c i t y  
of  seven l and ing  approach methods and of  reduced s e p a r a t i o n  i n t e r v a l s .  The 
r e s u l t s  have been compared w i t h  c u r r e n t  b a s e l i n e  va lues  and w i t h  a va lue  based 
on a 40-second i n t e r v a l  between a r r i v a l s .  The effects of these methods and of 
a i rcraf t  s i z e  on t h e  passenger d e l i v e r y  ra te  have a l s o  been shown. 

The r e s u l t s  showed t h a t  w i t h  c u r r e n t  s e p a r a t i o n  i n t e r v a l s ,  t h e  uniform 
speed approach method, t h e  reduced common p a t h  l e n g t h  method, t h e  curved-path 
method, and the  delayed f l a p  method provided small g a i n s  i n  l and ing  c a p a c i t y  over  
t h e  c u r r e n t  I L S  method f o r  t h e  c o n d i t i o n s  and assumptions of t h i s  s tudy .  The 
dual-path and dual-path-curved methods produced t h e  largest g a i n s  (39 pe rcen t  
and 46 p e r c e n t ,  r e s p e c t i v e 1 y ) ' a t  a t y p i c a l  l a n d i n g  mix c o n t a i n i n g  20 pe rcen t  
heavy a i rcraf t .  The data a l s o  showed t h a t  f o r  every  method cons idered  w i t h  t h e  
c u r r e n t  s e p a r a t i o n  i n t e r v a l s ,  t h e  l and ing  c a p a c i t y  decreased as t h e  p ropor t ion  
of  heavy a i r c ra f t  i n c r e a s e d .  

Reducing the  c u r r e n t  s e p a r a t i o n  i n t e r v a l s  t o  5.56 km ( 3  n.  m i . )  between 
a l l  a i rcraf t  p a i r s  provided on ly  a small g a i n  i n  l and ing  c a p a c i t y  i n  t h e  cur -  
r e n t  range o f  mixes f o r  any o f  t h e  methods s t u d i e d .  An a d d i t i o n a l  r e d u c t i o n  t o  
3.70 km ( 2  n. m i . ) ,  however, provided s i g n i f i c a n t  i n c r e a s e s  i n  l and ing  c a p a c i t y  
f o r  every  method. I n  a d d i t i o n ,  w i t h  either of t h e  reduced s e p a r a t i o n  i n t e r v a l s ,  
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it was found t h a t  t h e r e  was a desirable i n c r e a s e  i n  l a n d i n g  c a p a c i t y  w i t h  a n  
i n c r e a s e  i n  t h e  p r o p o r t i o n  of  heavy aircraft .  

The r e d u c t i o n  o f  t h e  l and ing  i n t e r v a l s  t o  3.70 km ( 2  n.  m i . ) ,  when combined 
wi th  t h e  v o r t e x  avoidance advantage of dua l -pa th  and dual-path-curved methods 
gave t h e  largest g a i n s  found i n  t h e  s tudy  and approximate ly  doubled t h e  l a n d i n g  
c a p a c i t y  f o r  a c u r r e n t  l a n d i n g  mix c o n t a i n i n g  20 pe rcen t  heavy a i rcraf t .  A t  a 
mix c o n t a i n i n g  80 p e r c e n t  heavy a i rcraf t ,  t h e  g a i n  was even larger and l and ing  
c a p a c i t y  va lues  o f  approximate ly  80 o p e r a t i o n d h r  were achieved .  The g a i n  i n  
l a n d i n g  c a p a c i t y  achieved  by u s i n g  t h e  dual-path-curved method, wh i l e  maintain- 
i n g  t h e  c u r r e n t  l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s ,  was e q u i v a l e n t  t o  reducing  
t h e  s e p a r a t i o n  i n t e r v a l s  t o  3.70 km ( 2  n.  m i . )  w i t h  t h e  c u r r e n t  method. 

The r e s u l t s  a l s o  showed t h a t ,  f o r  every  method cons ide red ,  an  i n c r e a s e  i n  
t h e  p ropor t ion  of heavy (large passenger c a p a c i t y )  a i rcraf t  i n  t h e  mix was ve ry  
e f f e c t i v e  i n  i n c r e a s i n g  t h e  passenger d e l i v e r y  c a p a c i t y .  T h i s  r e s u l t  i n d i c a t e s  
t h a t  i nc reased  demand f o r  a i r  t r a n s p o r t a t i o n  w i l l  probably r e q u i r e  n o t  on ly  
advanced l and ing  approach methods and large r e d u c t i o n s  i n  s e p a r a t i o n  i n t e r v a l s ,  
b u t  an inc reased  p ropor t ion  o f  high passenger c a p a c i t y  a i rc raf t  as w e l l .  

Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
November 15,  1977 
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APPENDIX 

ANALYTICAL PROCEDURES FOR DETERMINING INTERARRIVAL TIMES 

FOR THE DELAYED FLAP METHOD 

With t h e  delayed f l a p  method t h e r e  were large p a r t s  o f  t h e  approach trajec- 
t o r y  where V w a s  n o t  c o n s t a n t  as shown i n  f i g u r e  9. Schedule 1 shows v a r i a -  
t i o n s  i n  V between x = 15 km (8 n. m i . )  and x = 3 km (1.6 n. m i . )  and 
schedule  2 ,  between about  18 and 4 km (=IO and =2 n. m i . ) .  

I n  o r d e r  t o  determine v a l u e s  of t i j  f o r  t h i s  a n a l y s i s ,  each o f  these 

Table V I  lists t h e  i n i t i a l  and f i n a l  
s chedu les  was rep resen ted  by a number o f  c o n s t a n t  d e c e l e r a t i o n  segments d u p l i c a t -  
i n g  t h e  data i n  f i g u r e  7 a t  key p o i n t s .  
c o n d i t i o n s  o f  t h e  c o n s t a n t  d e c e l e r a t i o n  segments used i n  t h i s  a n a l y s i s .  

Equation ( 1 )  showed t h a t  when Vi V j ,  t i j  w a s  determined only  by t h e  
time requ i r ed  f o r  a i rc raf t  j t o  t r a v e r s e  t h e  d i s t a n c e  6 i j .  S ince  w i t h  t h i s  
technique  t h e  d i s t a n c e  6 i j  u s u a l l y  covered a number of  segments where V w a s  
changing, it was necessary  t o  determine t f o r  each segment and determine t i j  
from t h e  summation 

t i j  C t  

over  t h e  number o f  segments r e q u i r e d .  

For each segment which was t o t a l l y  covered by 6 i j ,  t was g iven  e i t h e r  by 

(a  # 0) (A21 t = .  2(xI - XF) 
( V j , I  + Vj,F> COS 8 

or by 

I n  t h i s  a n a l y s i s ,  t h e  l a s t  segment w a s  u s u a l l y  on ly  p a r t i a l l y  covered by 
6 i j  and t was determined i n  a d i f f e r e n t  manner. Consider t h e  fo l lowing  
ske tch :  

X 
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APPENDIX 

Assume t h a t ,  o f  t h i s  segment, on ly  the  time r e q u i r e d  t o  t r a v e r s e  t h e  
pa th  d i s t a n c e  between p o i n t s  @ and @ is r e q u i r e d  i n  the  summation of  equa- 
t i o n  ( A l l .  I n  the  case o f  t h i s  p a r t i a l  segment, t h e  a p p r o p r i a t e  va lue  of t 
was determined by 

vi > v j  
For f a s t - s low p a i r s ,  equa t ion  (2) was a p p l i c a b l e  when t h e ' v a l u e s  of  V 

were c o n s t a n t .  For t h e  delayed f l a p  method, however, t he  values. of t i j  were 
g iven  by 

6 i j  t i j  = t j , t o t a l  - t i , t o t a l  + - 
vj  

( A 5 )  

I n  t h i s  equa t ion  t j  total and ti,total were t h e  t o t a l  times r e q u i r e d  
f o r  a i r c ra f t  i and j t o  t r a v e r s e  a l l  t h e  segments l i s t e d  i n  t a b l e  V I  f o r  
the a p p r o p r i a t e  s chedu le .  For each of  these segments,  t was determined from 
e i the r  equa t ion  ( A 2 1  o r  ( A 3 ) .  The l a s t  term i n  equa t ion  ( A 5 1  was so lved  by 
u s i n g  a c o n s t a n t  v a l u e  o f  V j  s i n c e ,  as shown i n  f i g u r e  l ( a > ,  6 i -  is beyond 
t h e  ILS gate when V i  > V j  and none of t h e  a i rcraf t  i n i t i a t e  d e c e j e r a t i o n  p r i o r  
t o  r each ing  t h a t  p o i n t .  

18 
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TABLE I.- PROPORTIONS OF A I R C R A F T  TYPES USED I N  STUDY 

-. 

1 

2 

3 

4 

5 

6 
- __ 

.- 

i 

PA 

0.40 

.30 

.20 

.20 

.IO 

0 
- _  

TABLE 11.- SEPARATION INTERVALS USED I N  STUDY 

- - 
Aircraft p a i r  

PB 

0.60 

.50 

.40 

.20 

.10 

0 

.60 I 
1 .oo .80Y 

A 

B 

C 

A 

B 

C 

A 

B 

C 

- - 

-.. . . - 

6 i j  
.- - 

km 

5.56 

5.56 

5.56 

5.56 

5.56 

5.56 

9.25 

9.25 

7.40 

- ..___ 

-. 

- 

n.  m i .  

3 

3 

3 

3 

3 

3 

5 

5 

4 

... 

~- 

Remarks 

--____ - _  .. 

Current  IFR l o n g i t u d i n a l  
s e p a r a t i o n  s t anda rds  

Curren t  wake tu rbu lence  
avoidance i n t e r v a l s  
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TABLE 111.- TYPICAL ANALYSIS FOR DUAL-PATH METHOD 

. 

Cond iti ons : 
eL = 30 
eu = 4.50 
hmin = 304.8 m (1000 ft) 

~ 

tij, Pij 
s ec 

__ 
58.8 0.02 

79.7 .02 

56.7 .02 

76.9 .02 

54.8 .06 

X' = 243.8 m (800 ft) PA = 0.2 
yL = 14.82 km (8 n. mi.) PB = 0.2 
Yu = 15.08 km (8.15 n. mi.) Pc = 0.6 

- - _  
ti jPi j > 

sec 

-. 

I .18 

1.59 

1 . I3  

1.54 

3.29 

pair 
(n. mi.) ( n .  mi. 

130 

135 

135 

135 

135 

135 

135 

140 

140 

140 

140 

140 

140 

I 

Vj, Yii Yjt knots km km 

140 15.08 14.82 74.2 .06 4.45 

130 14.82 15.08 58.8 .02 1.18 

130 15.08 14.82 87.4 .02 1.75 

135 14.82 15.08 56.7 .02 1.13 

135 15.08 14 .82  76.9 .02 1.54 

140 14.82 15.08 54.8 .06 3.29 

130 I '  14.82 15.08 58.8 .06 3.53 

130 15.08114.82 150.8 .06 9.05 

135 14.82 15.08 56.7 .06 3.40 

I 
140 1 1  15.08 14.82 74.2 .06 4.45 

135 15.08 14.82 138.3 .06 8.30 

140 14.82 15.08 54.8 .18 9.86 

140 15.08 14.82 100.0 .18 18.00 
- 

~~. .. 

- 
t = Z(tijpij) = 78.56 sec 

A = 3600 = 45.82 operations/hr 
t 
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T A B L E  1 V . -  I N T E R A R R I V A L  T I M E S  FOR T H E  CURRENT I L S  METHOD 

( B A S E L I N E )  AND y = 14.82 km ( 8  n.  m i . )  

A i r c r a f t  p a i r  
~ 

i 

A 

A 

A 

B 

B 

B 

C 

C 

C 

j 

A 

B 

C 

A 

B 

C 

A 

B 

C 

g i j ,  
lan 

( n .  m i . )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

9.25 
( 5 )  

9.25 
( 5 )  

7.40 
( 4 )  

V ,  knots  

i 

130 

130 

130 

135 

135 

135 

140 

140 

140 

j 
~~ 

130 

135 

140 

130 

135 

140 

130 

135 

140 

t i j ,  
sec 

83.1 

80.0 

77.1 

91.3 

80.0 

77.1 

154.3 

141 .O 

102.9 
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4ircraf t 
p a i r  

- 
i 

A 
__ 

A 

A 

B 

B 

B 

C 

C 

C 

- 

__ 

j 
~ 

A 

B 

C 

A 

B 

C 

A 

B 

C 

- 
0 
0 

T A B L E  V.-  I N T E R A R R I V A L  TIMES FOR DELAYED F L A P  METHOD 

6 i j ,  
km 

:n .  m i . )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

5.56 
( 3 )  

9.25 
( 5 )  

9.25 
( 5 )  

7.40 
( 4 )  

~ 

Current  
method wi th  
y = 18.52 km 

V ,  kno t s  
- 

i 

130 

130 

130 

135 

135 

135 

140 

140 

140 

~ 

j 

130 

135 

140 

130 

135 

140 

130 

135 

140 

; i j ,  
sec  

83.1 

80.0 

77.1 

92.7 

80 .O 

77.1 

157.8 

143.4 

102.9 

Type A on ly  

V ,  kno t s  
- 

i 

0 

a 
0 

135 

135 

135 

140 

140 

140 

~ 

j 

0 

135 

140 

0 

135 

140 

0 

135 

140 

t i j ,  
sec 

80.9 

131 .O 

118.6 

80.9 

80.0 

77.1 

126 .O 

142.8 

102.9 

Delayed f l a p  method 

rype A and B only  

V ,  kno t s  

i 

0 

0 

0 

0 

0 

0 

140 

140 

140 

lenotes schedule  1 ( t y p e  A a i rc raf t ) .  
lenotes schedule  2 ( t y p e  B and C a i r c r a f t ) .  

~ 

j 

0 

0 

140 

0 

0 

140 

0 

0 

140 

t i j ,  
sec 

80.9 

73.9 

118.6 

82.4 

73.9 

150.5 

126 .O 

108.7 

102.9 

A l l  a i rcraf t  

?, knots  t i j ,  
sec 

80.9 

73.9 

73.9 

82.4 

73.9 

73.9 

116.0 

108.7 

92.3 

24 



TABLE V I . -  DECELERATION SCHEDULES USED I N  DELAYED FLAP METHOD 

F i n a l  

9 596 
(31 484) 
8 617 

(27 286) 
6 979 

(22 897) 
3 664 

(12 021) 
0 

( a )  Schedule 1 :  t y p e  A a i rcraf t  

-0.13 
( -0 .44 )  

-.56 
(-1.83) 

-.59 
(-1.93) 

-.go 
( -2 .94)  

0 

3egmen t 

1 

2 

3 

4 

5 

6 

Segment 

1 

2 

3 

4 

5 

V ,  k n o t s  

[ n i t  i a1 

214 

214 

170 

150 

140 

130 

? i n a l  

214 

170 

150 

140 

130 

130 

h, 
m 

( f t )  

I n i t i a l  

969.3 
(3180) 
780.3 

(2560 1 
470.9 

(1545 1 
307.9 

(1010)  
244.5 

(810)  
152.4 

(500 1 

F i n a l  

780.3 
(2560 1 
470.9 
(1545) 
307.9 
(1010) 
244.5 
(810 1 
152.4 
( 500 1 

0 

(b) Schedule  2: t y p e  B 

V ,  k n o t s  

C n i t i a l  

250 

23 1 

219 

205 

140 

p ina l  

23 1 

219 

205 

140 

140 

h ,  
m 

( f t )  

I n i  t i  a1 

971 . I  
(3186) 
502.9 

(1650 1 
435.9 

(1430) 
365.8 

(1200) 
192.0 

( 630 ) 

~~ 

F i n a l  

502.9 
(1650) 
435.9 
(1430) 
365.8 
(1200) 
192.0 
(630 1 

0 

x, 
m 

( f t )  

I n i t i a l  

18 520 
(60 761) 

14 909 
(48  915) 

8 998 
(29 521) 

5 882 
(19 298) 

4 717 
(15 477) 

2 912 
( 9  554) 

F i n a l  

14  909 
(48 915) 

8 998 
(29 521) 

5 882 
(19 298) 

4 717 
(15  477) 

2 912 
( 9  554) 

0 

and C a i r c ra f t  

0 

-.38 
(-1.24) 
- .27 

( - .89)  
- .33 

(-1.08)  
- .20 

( - . 65 )  
0 

x, 
m 

( f t )  

I n i t i a l  

18 532 
(60 800) 

9 596 
(31 484) 

8 617 
(27 286) 

6 979 
(22 897) 

3 664 
(12 021) 
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Aircraft i 
&\Aircraft j 

Aircraft i 

b T h r e s h o l d  ILS gate 

Projected touchdown point 

( a )  S i n g l e  pa th .  S o l i d  a i rcraf t  symbols denote  V i  5 V j ;  
open a i rc raf t  symbols denote  V i  > V j .  

Curved approach path 

-vertical projection of 
the extended runway 
center line 

Ground plane Aircraft i at 

point 

(b)  Curved pa th .  

ILS gate 

( c )  Dual pa th :  a i r c r a f t  i on upper pa th ;  
a i rc raf t  j on lower pa th .  

F igure  1 . -  Geometric c h a r a c t e r i s t i c s  of  approach pa ths .  
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hmin 

Aircraft 
Aircraft 

"U I 
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( d )  Dual pa th :  a i r c ra f t  i on lower pa th ;  a i r c ra f t  j 
on upper pa th ;  Vi s i n  8, 5 V j  s i n  BU. 

(e )  Dual path:  a i rcraf t  i on lower pa th ;  a i rcraf t  j 
on upper pa th ;  V i  s i n  8L > V j  s i n  Bu. 

Figure  1.-  Concluded. 
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Projected touchdown point 

path 

Figure 2.- Sketch illustrating current ILS method. 
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Figure  3.- Landing c a p a c i t y  f o r  c u r r e n t  ILS method and s e p a r a t i o n  i n t e r v a l s .  

h I ,- Unhorm sp&d methdd I 

F i g u r e  4.- Landing c a p a c i t y  f o r  uniform speed method. 
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Figure 5.- Sketch illustrating curved-path method. 
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Figure 6.- Landing capacity for curved-path method. 
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Figure  7.-  Dece lera t ion  schedules  used i n  a n a l y s i s  
of  delayed f l a p  method. 
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Figure  8.- Landing c a p a c i t y  f o r  delayed f l a p  method 
u s i n g  c u r r e n t  s e p a r a t i o n  i n t e r v a l s .  
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Projected 

I 

F igu re  9.-  Sketch i l l u s t r a t i n g  t h r e e  dua l -pa th  c o n f i g u r a t i o n s  ana lyzed .  

0 

Figure  10.- Landing c a p a c i t y  f o r  dual-path method us ing  
c u r r e n t  s e p a r a t i o n  i n t e r v a l s .  
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center line 

Threshold 

F igure  1 1 . -  Sketch i l l u s t r a t i n g  dual-path-curved method. 
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Figure  12.- Landing c a p a c i t y  f o r  dual-path-curved method u s i n g  
c u r r e n t  l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s .  
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F igure  13.- Land.ing c a p a c i t y  for c u r r e n t  method u s i n g  
reduced s e p a r a t i o n  i n t e r v a l s .  
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Figure  14.-  Landing c a p a c i t y  for uniform speed method 
reduced s e p a r a t i o n  i n t e r v a l s .  
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F i g u r e  15.- Curved-path method w i t h  reduced s e p a r a t i o n  i n t e r v a l s .  
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Figure  16.- Landing capac i ty  f o r  delayed f l a p  method ( a l l  a i r c r a f t )  

us ing  reduced s e p a r a t i o n  i n t e r v a l s .  
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F igure  17.- Landing c a p a c i t y  f o r  dual-path method us ing  
reduced s e p a r a t i o n  i n t e r v a l s .  
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Figure  18.- Landing c a p a c i t y  for dual-path-curved method 
us ing  reduced l o n g i t u d i n a l  s e p a r a t i o n  i n t e r v a l s .  
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Figure 19.- Summary landing  capac i ty  d a t a  a t  Pc = 0.2. 
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Figure  20.- Summary passenger d e l i v e r y  capac i ty  ( f o r  65 percent  load 
f a c t o r )  f o r  s e v e r a l  approach methods. 
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